INTRODUCTION
============

Protein kinases are major players in intracellular signal transduction through their catalysis of the reversible phosphorylation of the vast majority of proteins in cells on serine, threonine, and tyrosine residues. Such phosphorylation provides an efficient and effective means to regulate most physiological activities, including metabolism, transcription, DNA replication and repair, cell proliferation, and apoptosis ([@B43]; [@B31]; [@B58]). Dysregulation of protein phosphorylation is implicated in \>400 types of human diseases, including cancer, diabetes, and cardiovascular, neurological, and immunological disorders ([@B30]; [@B6]).

Eukaryotic protein kinases (EPKs) comprise a ubiquitous and broadly expanded family of enzymes ([@B52]). In humans, at least 536 protein kinases have been identified, including 484 typical protein kinases that feature one or sometimes two conserved catalytic domains ([@B53]). Within the catalytic domain, 12 extremely conserved subdomains were originally defined by based on sequences of 65 protein kinases ([@B24]; [@B25]). The functional roles of these subdomains were assigned using the results from site-directed mutagenesis ([@B19]) and the crystal structure of the catalytic subunit of cAMP-dependent protein kinase (PKA; [@B39], [@B40]). The activation T-loop is a variable segment that extends from subdomain VII (DFG sequence) to subdomain VIII (APE sequence). In most protein kinases, reversible phosphorylation and dephosphorylation of this segment on one or more phosphosites plays a key role in stimulating their phosphotransferase activity ([@B75]; [@B74]). Many EPKs are capable of autoactivation through autophosphorylation within their activation loop. Comparisons of active and inactive protein kinase structures indicate that conformational changes of this flexible region via phosphorylation promote the correct domain orientations and stabilize the macromolecule for catalysis ([@B35]; [@B42]).

Mitogen-activated protein kinases (MAPKs) play fundamental roles in the regulation of a broad diversity of functions, including meiosis, cell cycle progression, and stress responses, from yeast to humans ([@B67]; [@B62]). The Ras-Raf--MAPK/extracellular signal--regulated kinase (ERK) kinase (MEK)--ERK signaling module has served as a paradigm for the study of intracellular signal transduction and protein kinase regulation ([@B80]). The activity of this pathway is commonly up-regulated in various types of cancers ([@B13]). In ERK1/2, dual phosphorylation on a threonine--glutamic acid--tyrosine residue (TEY) motif within the activation loop by the upstream kinases MAPK/ERK-1 and 2 (MEK1/2) was initially described more than 25 yr ago as a critical event in the stimulation of ERK1/2 ([@B3]; [@B1]; [@B59]). Phosphosite-specific antibodies targeting the phosphorylated TEY site have been widely used to indirectly monitor the activation state of ERK1/2. However, besides the TEY motif, three flanking phosphorylation sites have been identified by mass spectrometry (MS) in multiple cell lines and tumor samples, as documented in PhosphoSitePlus ([www.phosphosite.org](http://www.phosphosite.org)) and PhosphoNET ([www.phosphonet.ca](http://www.phosphonet.ca)).

In this study, we investigated the functional roles of the three additional phosphosites flanking the TEY phosphorylation motif in human ERK1. We also explored the possible regulatory mechanisms of these phosphorylation sites by comparing the primary sequences of all of the human typical protein-serine/threonine kinases. The influences of these highly evolutionarily conserved phosphosites on ERK1 conformation and functional activity may reflect a general mechanism for tight regulation of the EPKs, which represent the second largest class of signaling proteins after the G protein--coupled receptors. This may ensure that the cell will permit the signaling to advance to the next stages only when a sufficient portion of the population of a particular protein-serine/threonine kinase is activated over a sustained period.

RESULTS
=======

T207 and Y210 are highly conserved phosphorylation sites in ERK1
----------------------------------------------------------------

To investigate the regulation of protein kinases, we aligned 496 catalytic domain sequences of 484 human protein kinases with information for many of their known experimentally confirmed phosphosites (Supplemental Table S1). Of 1950 phosphosites initially identified, only 27 (1.4%) were known before this study to be inhibitory, and seven of these were located in kinase subdomain I in the GxGxxG motif. Another 303 (15.6%) phosphosites were reported to stimulate protein kinase phosphotransferase activity, and of these, 75% were located within the activation T-loop ([Figure 1A](#F1){ref-type="fig"}). In human ERK1, these included the well-characterized T202 and Y204 phosphosites at aligned amino acid residue positions 150 and 152, respectively. Also found in ERK1 was a phosphorylatable threonine residue at aligned position 155 (T207) and a phosphorylatable tyrosine residue (Y210) at the aligned position 158, located −5 and −2 residues before the subdomain VIII APE sequence. The T207 and Y210 phosphorylation sites in ERK1 were highly conserved across 20 diverse species, as revealed on the PhosphoNET website ([www.phosphonet.ca/evolution.aspx?protname=P27361%20T207](http://www.phosphonet.ca/evolution.aspx?protname=P27361%20T207)). In fact, these flanking phosphosites were identified as among the most conserved sites in most human protein-serine/threonine kinases, including MAPKs, cyclin-dependent kinases, protein kinase C's, and protein kinase B/AKTs ([Figure 1B](#F1){ref-type="fig"}). Of the 393 catalytic domains of human typical protein-serine/threonine kinases, a serine or threonine residue was featured at position 155 in 342, and a tyrosine residue was found at position 158 in 272 (Supplemental Table S1). Of these, phosphorylated residues were reported in the literature at one or both of these positions in 174 of these protein-serine/threonine kinase catalytic domains (Supplemental Table S2).

![Phosphorylation sites in human protein kinase catalytic domains. (A) Distribution of experimentally confirmed phosphosites in human protein kinase domains. Phosphosites identified in human protein kinase catalytic domains were mapped on the alignment provided in Supplemental Table S1. The total number of phosphosites was 1950, with 304 activatory sites (dark purple) mostly clustering at activation loop between aligned amino acid residues 139 and 159, and inhibitory sites (red). (B) Distribution of phosphotyrosine (orange), phosphothreonine (green), and phosphoserine (blue) residues in the kinase activation T-loop. The locations of the phosphorylation sites in ERK1 are shown in purple. These include the highly conserved threonine phosphorylation site at the aligned position 155 and tyrosine phosphorylation site at the aligned position 158. The T198 phosphosite of ERK1 is located with the Insert/Gap 8 region at aligned position 148.](1040fig1){#F1}

Of interest, 100% of human protein-tyrosine kinases featured a tryptophan residue instead of tyrosine residue at aligned position 158, and 98% had a proline residue (alanine and leucine for the exceptions) instead of a threonine residue at aligned position 155. This further supported possible specific roles of these phosphosites in selective protein-serine/threonine kinases.

ERK1 slowly autophosphorylates T207 in vitro
--------------------------------------------

The aforementioned findings compelled us to investigate more carefully the functional relevance of the T207 and Y210 phosphosites in ERK1, along with T198, which was also a highly conserved phosphosite at aligned position 148, which encompassed the highly variable Insert/Gap 8 segment found in the T activation loop of protein kinases. We raised polyclonal antibodies in rabbits against the phospho-T207 and phospho-Y210 sites of ERK1 (T190 and Y193 in ERK2), and subjected the sera to negative purification with phosphotyrosine-agarose columns to deplete generic phosphotyrosine-specific antibodies. The nonphosphospecific antibodies were removed with peptide columns with ligands that corresponded to the unphosphorylated version of these sites, followed by affinity purification with columns that used the original immunizing phosphopeptides as ligands. Unphosphorylated peptides with the corresponding sequences were also added in the antibody incubation solutions to block nonphosphospecific binding. The specificity of each antibody preparation was confirmed by peptide dot blot analyses.

To evaluate whether the phosphorylation of these sites was due to autocatalysis, a kinase-dead (KD) mutant of ERK1 was created by substitution of the Lys-71 residue from the subdomain II AxK motif with an alanine residue (K71A). Purified glutathione *S*-transferase (GST) fusion proteins of ERK1 wild type (WT) and KD mutant were incubated with or without a constitutively active version of the upstream kinase MEK1 (MEK1-ΔN3EE) in the presence of ATP ([Figure 2A](#F2){ref-type="fig"}). On the one hand, phosphorylation of T207 was detected in WT but not KD ERK1, which confirmed autophosphorylation of the site in vitro. On the other hand, phosphorylation of Y210 was induced by MEK1 with both WT and KD ERK1. We performed a time-course experiment to determine the correlation between these phosphorylation events and ERK1 activation by MEK1 ([Figure 2B](#F2){ref-type="fig"}). Over 60 min of incubation time, T207 phosphorylation increased slowly, whereas the phospho-signal from the TEY site was saturated more quickly after 20 min. Activation of ERK1 by MEK1-ΔN3EE may induce the ability of the kinase to more rapidly autophosphorylate at the T207 site.

![Phosphorylation of ERK1 T207 and Y210 in vitro. (A) ERK1-WT and KD phosphorylation by MEK1-ΔN3EE. The reactions were carried out at 30°C for 15 min. (B) Time-course experiment of ERK1-WT phosphorylation. At each time point, an aliquot of the incubation mix was taken and mixed with SDS--PAGE sample buffer to terminate the reaction. The samples were subsequently probed with phosphosite-specific antibodies (ERK1 pT207, PYKSD8 for pY210 and dual phospho-ERK1/2 pTEpY for pT202 and pY204) or the pan-expression ERK1/2-CT (ERK-CT) antibody. Western blots from the region of the migration of ERK1. Similar results were obtained in at least three independent experiments.](1040fig2){#F2}

Observations from mass spectrometry analyses also indirectly supported autophosphorylation of the T207 site. We prepared samples of trypsin-digested peptides from ERK1-WT and KD that were phosphorylated by MEK1 in vitro and subjected them to MS analysis. In the ERK1-KD sample, a peptide from the activation segment (amino acid residues 190--208) with the TEY motif (T202 and Y204) dually phosphorylated was the only phosphopeptide detected. The unphosphorylated form of this peptide was also detected in the KD sample but not in the WT sample. Surprisingly, the peptide corresponding to the activation loop was not detected at all in the ERK1-WT in two independent experiments. Possible explanations for these negative results are that the additional phosphate groups on this target peptide made it difficult to ionize for MS detection and the resultant fragment had too high a charge-to-mass ratio and traveled too quickly through the mass spectrometer ([@B81]).

T207 and Y210 play critical roles in ERK1 regulation
----------------------------------------------------

To further characterize these phosphosites, we mutated T207 and Y210, as well as another threonine residue (T198) upstream on the N-terminal side of TEY in ERK1 ([Figure 3A](#F3){ref-type="fig"}). Coupled kinase assays with recombinant MEK1-ΔN3EE, ERK1, and myelin basic protein (MBP) as a substrate revealed the functional effects of phosphorylation of T207 and Y210, but not T198, on ERK1 activation and its downstream phosphotransferase activity in vitro ([Figure 3, B and C](#F3){ref-type="fig"}).

![Phosphorylation and activity of ERK1 and its mutants. Six ERK1 mutants were created to characterize the functional roles of the three flanking phosphosites near the TEY motif (A). Purified recombinant ERK1 and its mutants were incubated with MEK1-ΔN3EE (orange) or kinase dilution buffer (blue) in presence of 50 μM ATP at 30°C for 15 min. An aliquot of each reaction mix was mixed with 2.5 μg of MBP and incubated for another 2 min. Samples were mixed with SDS--PAGE sample buffer and analyzed by Western blotting using the dual phospho-ERK1/2 pTEpY antibody (B) and phospho-MBP antibody (C). The results are averaged from three to five separate experiments with the SDs indicated by bars. \*\**p* \< 0.005.](1040fig3){#F3}

Substitution of Thr-207 to Ala (T207A) markedly increased the autophosphorylation at the TEY phosphosites. Surprisingly, the T207A mutant preserved only ∼20% of the phosphotransferase activity toward MBP when compared with WT. The T207E mutant was phosphorylated by MEK1-ΔN3EE to a similar extent with WT and T207A, but it completely failed to phosphorylate MBP. The T207E phosphosite-mimetic mutant was consistently slightly more inhibitory in its MBP phosphotransferase activity than the T207A mutants ([Figure 3C](#F3){ref-type="fig"}), which further supports an inhibitory role for phosphorylation of the WT ERK1 at this site. These findings demonstrated that the autophosphorylation of T207 can be independent of TEY phosphorylation by MEK1. Furthermore, phosphorylation at the TEY site does not necessarily correlate with ERK1 phosphotransferase activity toward an exogenous substrate.

All three mutants with the Tyr-210 substituted by Phe or Glu (Y210F or Y210E) or Phe in combination with alanine residue replacements of T198 and T207 sites (2AF) were not recognized by MEK1-ΔN3EE for phosphorylation, indicating an important role for this tyrosine residue in providing the proper conformation of the activation T-loop of the kinase for recognition by MEK1.

Mutation at T207 does not affect the specificity of ERK1 toward peptide substrates
----------------------------------------------------------------------------------

To further characterize the effects of T207 phosphorylation on ERK1 phosphotransferase activity, we tested ERK1 wild type (WT), T207A, and T207E on a Kinex kinase substrate peptide microarray, which permitted assessment of the phosphotransferase activity of kinases toward 445 different peptides patterned after optimal substrate consensus sequences for hundreds of different protein kinases. Recombinant ERK1 and its mutants were preactivated by incubation with MEK1, and the MEK1 phosphotransferase activity was subsequently inhibited by adding the compound UO126 at the end of the preincubation. After analyzing the microarray image, we observed no phosphotransferase activity of ERK1-T207E mutant compared with the MEK1/UO126 control field (Supplemental Figure S1). The T207A and WT preparations showed the same selectivity in phosphorylating the substrate peptides on the chip. The strongest phosphorylation detected in both fields was from the same substrate peptide with the sequence (GGSFPLSPGKKGG). The ratio of net signal strength between WT and T207A from this peptide was 10:3. Among the top hits from the T207A mutant, 14 of 16 peptides were also strongly phosphorylated by ERK1 WT. These results are consistent with the in vitro kinase assays described earlier and supported the conclusion that an alanine mutation at T207 of ERK1 did not affect the specificity toward peptide substrates but decreased the overall phosphotransferase activity of the kinase by ∼70%.

Phosphorylation at T207 may reduce the stability of activated ERK1
------------------------------------------------------------------

To investigate this matter further in a physiologically relevant cell-based system, we transfected ERK1-WT, T207A, and T207E constructs with Flag tags into the human embryonic kidney HEK293 cell line. After stimulation of overnight serum-deprived cells with 10% fetal bovine serum (FBS) for 10 min to obtain maximal ERK1/2 activation, we immunoprecipitated Flag-ERK1 from the lysates of the harvested cells. We observed that with similar amounts of the kinase, the T207A mutant had a significantly higher level of TEY phosphorylation than WT ([Figure 4A](#F4){ref-type="fig"}). However, only a weak phospho-TEY signal was detected from the T207E phosphorylation-mimicking mutant. This indicated that the phosphorylation of T207 might interfere with MEK1 phosphorylation and activation of ERK1 in vivo and/or enhance the dephosphorylation of the TEY phosphosites, since the absolute levels of the Flag-ERK1 constructs were comparable. Considering that all three forms of ERK1 were phosphorylated to an equal level by MEK1-ΔN3EE at TEY in vitro, the weaker TEY phosphorylation of ERK1-T207E in vivo was unlikely to be due to decreased phosphorylation by MEK1.

![Phosphorylation and activity of ERK1-WT, T207A, and T207E in HEK293 cells. (A) Phosphorylation of TEY motif of ERK1 under serum stimulation. HEK293 cells stably expressing Flag-ERK1 were starved overnight before stimulation with 10% FBS for 10 min. (B) Activity of immunoprecipitated Flag-ERK1. After serum stimulation, Flag-ERK1 was immunoprecipitated by Flag-tag antibody and incubated with 5 μg of MBP and 50 μM ATP at 30°C for 15 min. The samples were subsequently subjected to SDS--PAGE and Western blotting with phosphosite-specific antibodies for the dual phospho-ERK1/2 phosphosite pTEpY and myelin basic protein (pMBP) and the Flag tag (Flag). (C) Each image is representative of three independent experiments, and the averages of the phosphorylation of the pTEpY site and MBP from the three separate experiments are shown with the SDs indicated by bars. \*\**p* \< 0.005.](1040fig4){#F4}

The immunoprecipitated ERK1 proteins were also tested for their kinase activity toward MBP ([Figure 4B](#F4){ref-type="fig"}). Despite the stronger phosphorylation of ERK1-T207A at the TEY site after incubated with ATP, neither the Ala nor Glu mutants were able to phosphorylate MBP as a substrate. Substitution of a nonphosphorylatable alanine residue at T207 induced only the autophosphorylation activity of ERK1, indicating that the unphosphorylated threonine residue is important for the kinase to maintain its active conformation. Once phosphorylated at T207, the phosphotransferase activity of the kinase would be suppressed, and this might also serve to increase recognition of the TEY site for dephosphorylation by phosphatases.

Phosphorylation of T207 is regulated by protein phosphatases
------------------------------------------------------------

We also examined the phosphorylation of T207 in multiple cell lines with various treatments that activated ERK1/2 (Supplemental Figure S2). None of these conditions was able to produce stable phosphorylation of T207 of ERK1 or T190 of ERK2, which indicated that ERK1 and ERK2 that were phosphorylated on this threonine site were quickly removed from the cells by dephosphorylation and/or degradation. Protein levels of ERK1 and ERK2 have been reported to be negatively regulated by the ubiquitin/proteasome pathway ([@B51]). However, treatment with a specific proteasome inhibitor, MG132, increased the phosphorylation of only the TEY site and not that of the T207/T188 sites of ERK1/2 in A431 cells ([Figure 5A](#F5){ref-type="fig"}). Given the earlier results that expression of ERK1-T207E did not affect the protein level of ERK1/2 in HEK293 cells, we believe that the T207 phosphorylation of ERK1 was probably not related to enhanced degradation of the kinase in vivo.

![Phosphorylation of ERK T207/T190 is regulated by protein phosphatases in A431 cells. (A) A431 cells were treated with 10 μM proteasome inhibitor MG132 for 4 h, followed by stimulation with 100 ng/ml EGF for 5 min. (B) A431 cells were treated with 0.025% dimethyl sulfoxide (CTRL), PTP inhibitors (25 μM PAO and 50 μM Na~3~VO~4~), or STP inhibitor (30 mM NaF) for 30 min. The samples were subsequently subjected to SDS--PAGE and Western blotting with antibodies that were dual phospho-ERK1/2 pTEpY phosphosite-specific and ERK1 pT207 phosphosite-specific (which cross-reacts with ERK2 pT190) or the pan-expression ERK1/2-CT (ERK-CT) antibody. The migration positions of phospho-ERK1 (\*\*), phospho-ERK2 (°°), ERK1 (\*), and ERK2 (°) on the SDS--PAGE gel are indicated.](1040fig5){#F5}

To investigate the effect of protein phosphatases on ERK1/2 T207/T190 phosphorylation, we treated A431 cells with protein-tyrosine phosphatase (PTP) or serine/threonine phosphatase (STP) inhibitors ([Figure 5B](#F5){ref-type="fig"}). Both sets of inhibitors were able to elevate the TEY phosphorylation level, but the phospho-T207/T190 signal increased only in PTP inhibitor-treated cells. These PTP inhibitors (phenylarsine oxide \[PAO\] and Na~3~VO~4~) suppress the activity of protein-tyrosine phosphatases and dual-specificity phosphatases/MAPK phosphatases. Because the expression of the phosphomimicking T207E mutant of ERK1 resulted in decreased levels of TEY phosphorylation, we suspect that phosphorylation of T207 might induce the dephosphorylation of ERK1 by MAPK phosphatases.

DISCUSSION
==========

Phosphorylation of the activation T-loop is the most common mechanism for posttranslational kinase stimulation. Protein kinases are dynamically regulated in this flexible segment to control downstream signaling. Under physiological conditions, activation of protein kinases is usually transient, and robust treatments are required to ensure elicitation of the appropriate physiological responses. Various processes, including phosphorylation at inhibitory sites, dephosphorylation at activatory sites, and enhanced proteolysis, have been reported to account for negative regulation of the phosphotransferase activity of different individual protein kinases. However, no common mechanism has yet been proposed for negative regulation of protein-serine/threonine kinases in general, although phosphorylation of several of the cyclin-dependent protein kinases within the subdomain I GxGxxG motif is known to be inhibitory ([@B23]; [@B57]; [@B79]).

In this study, we focused on the activation segment of human protein kinases and by careful alignment identified the two most ubiquitous phosphorylation sites in all protein-serine/threonine kinases. At least 35 articles have been published regarding the functional analyses of these two phosphosites, using mutagenesis techniques with 33 protein kinases ([Figure 6](#F6){ref-type="fig"}; [@B17]; [@B2]; [@B8]; [@B61]; [@B41]; [@B44]; [@B69]; [@B73]; [@B54]; [@B45]; [@B66]; [@B72]; [@B84], [@B83]; [@B47]; [@B28]; [@B56]; [@B60]; [@B14]; [@B4]; [@B5]; [@B21]; [@B33]; [@B37]; [@B18]; [@B50]; [@B71]; [@B7]; [@B26]; [@B55]; [@B27]; [@B78]; [@B22]; [@B32]; [@B46]; [@B64]; [@B85]; [@B20]). All of the mutants created, including substitutions with nonphosphorylatable residues or phosphomimicking residues, were reported to show decreased activity, and it has been repeatedly interpreted that phosphorylation of these phosphosites may play a critical role in maintaining the active conformation of kinases. Indeed, in [Figure 1](#F1){ref-type="fig"}, these were accordingly represented as stimulatory sites, although we now challenge these conclusions. Our findings indicate that phosphorylation of these two phosphosites may actually repress the catalytic activity of these protein kinases, which is contrary to the interpretations offered in most of these previous studies.

![Site-directed mutagenesis of phosphorylation sites in the activation T-loop of protein-serine/threonine kinases. Publications were identified in which site-directed mutagenesis had been performed on protein kinases that featured a phosphorylated threonine residue at aligned position 155 and/or a phosphorylated tyrosine residue at aligned position 158 in their catalytic domains. The effects of mutation of these and flanking phosphosites are shown as gain of function (GoF), loss of function (LoF), or without known effect (NoE) on the phosphotransferase activities of the tested protein kinases. Activatory phosphosites are highlighted in green, and suspected inhibitory phosphosites are highlighted in pink. A more complete list of mutated phosphorylation sites in diverse human proteins is provided in Supplemental Table S3B.](1040fig6){#F6}

We used glutamic acid substitutions as phosphomimetics to explore the roles of the phosphorylation sites in the ERK1 activation T-loop. The locations of the oxygen atoms in the carboxyl moiety in the side chain of glutamic acid better approximates the positions of oxygen atoms in the phosphate moiety in a phosphorylated serine or threonine residue than they do in the shorter side chain aspartic acid residue. However, it was interesting to learn which acidic amino acid residue was in practice a better phosphomimetic. As shown in Supplemental Table S3B, primarily from the UniProt website, we were able to identify 695 human phosphosites that were demonstrated to be functionally important and for which site-directed mutagenesis had been performed to alter these critical residues. These included 477 activatory phosphosites and 183 inhibitory phosphosites. As summarized in Supplemental Table S3A, for a glutamic acid substitution of a serine, threonine, or tyrosine residue that corresponded to a phosphosite, the activatory or inhibitory effect of the phosphorylation of that site on the protein's function was successfully mimicked 70.0, 77.6, and 55.6% of the time, respectively. For an aspartic acid substitution of a serine, threonine, or tyrosine residue that corresponded to a phosphosite, the activatory or inhibitory effect of the phosphorylation of that site on the protein's function was successfully reproduced 89.8, 85.0, and 83.3% of the time, respectively. Based on these literature findings, it would appear that aspartic acid is more often a slightly better mimetic of phosphorylation than glutamic acid. Although we did not test aspartic acid mutants of the ERK1 T207 site, apparently ERK2 T190D mutants behave very much like the ERK1 T207E mutants with respect to enhanced autophosphorylation at the TEY phosphosites and abolition of phosphotransferase activity toward exogenous substrates ([@B70]).

We used ERK1, one of the most fundamental and well-studied kinases, as a model in which to investigate the functional roles of these highly conserved phosphorylation sites in activation T-loop. Based on our data, T207 in ERK1 arose from autophosphorylation, whereas the phosphorylation of Y210 was catalyzed by MEK1. All of the mutants of these two sites (T207A, T207E, Y210F, and Y210E) showed significantly decreased phosphotransferase activity toward MBP regardless of the level of TEY phosphorylation, which is consistent with the results from studies of other protein-serine/threonine kinases with mutation of equivalent amino acid residues ([Figure 6](#F6){ref-type="fig"}). The Y210 mutants were not recognized by MEK1, indicating the importance of this residue in its unphosphorylated form for the maintaining the structure of ERK1 so that it can be targeted by MEK1 and MEK2.

Careful examination of the x-ray crystallographic structure of human ERK1, with and without phosphorylation of the activating Y204 site, revealed that the internal amino acid interactions associated with the side chains in T207 and Y210 are relatively unaffected by the presence of the phosphate moiety on Y204. As shown with the three-dimensional (3D) structure of monophosphorylated ERK1 in [Figure 7](#F7){ref-type="fig"}, T207 appears to interact with K168, D166, and Y210, whereas Y210 may also interact with P169, E237, and W209. In particular, as documented in Supplemental Table S4A, in unphosphorylated ERK1, the oxygen atom (OG1) in the T207 side-chain hydroxyl group was within 3.6 Å of the two oxygen atoms (OD1 and OD2) in the side-chain carboxyl group of D166 and 2.8 Å from the nitrogen atom (NZ) in the side-chain amino group of K168. In T204-phosphorylated ERK1, these atoms pairs were still within 4.0 Å of each other. Similarly, with unphosphorylated ERK1, the oxygen in the hydroxyl moiety of Y210 was within 3.5 Å of the two oxygen atoms (OD1 and OD2) in the side-chain carboxyl group of E237. In T204-phosphorylated ERK1, these atom pairs were also still within 3.9 Å of each other. D166 and K168 in ERK1 correspond to the highly conserved positions D116 and K118 in kinase subdomain VI in the aligned sequences of protein kinase catalytic domains. Site-directed mutagenesis studies with the yeast cAMP-dependent protein kinase demonstrated that the D116 and K118 positions are critical for the phosphotransferase activity ([@B19]). E237 in ERK1 corresponds to highly conserved E185 site in the aligned sequences of protein kinase catalytic domains and is located 5 amino acid residues after subdomain IX. This glutamic acid residue has also been identified as important for protein substrate recognition, particularly for basic amino acid side chains that are located two residues before the phosphoacceptor site in substrates ([@B19]). As shown in Supplemental Figure S3B, these interactions are similarly preserved in both the inactive and T185/Y187 dual-phosphorylated forms of ERK2. Consequently, loss of T207 and Y210 interactions with other amino acid residues in ERK1, and the equivalent T190 and Y193 interactions in ERK2, which would be highly disrupted with their phosphorylation, would also be expected to be inhibitory to the catalytic activities of both of these kinases. [@B16] originally proposed that hydrogen bonding of the T190 in ERK2 to D149 (aligned position D116) might be responsible for maintaining the conformation of the activation loop and preventing kinase autoactivation by autophosphorylation. The highly increased autophosphorylation of ERK1 that we observed with the T207A ERK1 mutant in our study is in keeping with this idea.

![Interactions with T207 and Y210 residues in the 3D structure of human ERK1. The x-ray crystallographic structure of T204 phosphorylated human ERK1 (PDB Id 2ZOQ) was originally deduced by [@B38] and is rendered with JMol on the RCSB PDB website. The backbone atoms of ERK1 appear with white bonds, and most of the atoms in the tyrosine, tryptophan, and proline side-chain residues are colored orange, green, and yellow, respectively. Most oxygen, nitrogen, and carbon atoms in the other amino acid residue side chains appear as red, blue, and gray, respectively. Distances of atoms in the side chains of T207 and Y210 that were within 5 Å of the atoms of other amino acid side chains are indicated with orange dashed lines. In particular, T207 appears to interact with K168, D166, and Y210, whereas Y210 also interacts with P169, E237, and W209. Supplemental Table S4, A and B, respectively, provides listings of the actual distances between the phosphoacceptor residues in ERK1 and ERK2 with neighboring amino acid residues.](1040fig7){#F7}

Autophosphorylation of the T190 site in ERK2 was reported to promote cardiac hypertrophy in both mice and humans without affecting the phosphotransferase activity of the kinase ([@B48]; [@B65]). By contrast, our results with ERK1 mutants of the corresponding T207 site indicate that phosphorylation of this site apparently inhibits the phosphotransferase activity of ERK1 toward exogenous substrates. Any mutation of the T207 residue resulted in a dramatic decrease of ERK1 phosphotransferase activity even when the TEY activating motif was phosphorylated.

Both the T207 and Y210 sites were phosphorylated slowly in vitro, and their phosphorylations were usually increased along with TEY phosphorylation and kinase activation. In contrast to our in vitro studies with recombinant protein kinases, in cell lysates, we observed very low levels of T207/T190 phosphorylation even when the ERK1/2 pathways were activated. This might be taken to indicate that these sites might not be appreciably phosphorylated in cells. However, in HEK293 cells that stably expressed the phosphomimicking ERK1-T207E mutant, the phosphorylation of TEY under serum stimulation was lower than with WT and T207A, indicating that the hyperphosphorylated forms of ERK1/2 were quickly removed from these cells. This hypothesis was supported by increased levels of both TEY and T207/T190 phosphorylation of ERK1/2 in PTP inhibitor-treated A431 cells.

Careful inspection of the PhosphoSitePlus website ([www.phosphosite.org](http://www.phosphosite.org)) for the number of reports by mass spectrometry of the phosphorylation of threonine and serine residues at aligned position 155 and tyrosine residues at aligned position 158 in protein-serine/threonine kinases revealed that phosphorylation at these sites is detected in general at much lower frequency than other phosphosites in the activation T-loops of protein kinases (Supplemental Table S2). This may be related to the difficulty of detecting highly phosphorylated short peptides in large-scale MS studies. As mentioned in the *Results* section, we experienced difficulty in detecting phosphorylation of the T207 and Y210 sites of ERK1 in vitro by MS. It is also likely that the hyperphosphorylated forms of protein kinases are subjected to increased rates of degradation or dephosphorylation in vivo.

Phosphosite-specific antibodies for the detection of phosphorylation of the TEY site in MAP kinases have been extensively used in thousands of studies to demonstrate the state of activation of these protein kinases. Although such antibodies can reveal the stimulations of signaling pathways that converge on these and other protein kinases, our results reveal that despite the presence of specific phosphorylation of the TEY site, the MAP kinases can still be catalytically inactive. In fact, this could be a very general problem, in view of the high conservation of the ERK1 T207 and Y210 phosphosites in most protein-serine/threonine kinases. At the very least, phosphosite-specific antibodies for stimulatory sites in the T-loop can demonstrate that the target kinase has been recently activated in its history, although not necessarily at the time of the isolation of the kinase.

We conclude that ERK1 slowly autophosphorylates the T207 site and this phosphorylation is markedly stimulated with ERK1 activation, phosphorylation at this site inhibits the phosphotransferase activity of ERK1 toward other substrates, and it is involved in the dephosphorylation and deactivation of ERK1 by MAPK phosphatases. At least a few previous studies also suggested that the phosphorylation of the serine or threonine residues at aligned position 155 might be inhibitory for Chk2 ([@B68]), MARK4 ([@B77]), and NEK2 ([@B63]). We propose this may be an important general mechanism by which protein-serine/threonine kinases negatively regulate their activity after their initial activation. This ensures that only when a sufficient portion of the population of a particular protein-serine/threonine kinase is activated over a sustained period will the cell permit the signaling to advance to the next steps.

For many cellular processes, the subsequent inactivation of protein kinases is just as critical as their initial recruitment. Such processes include, among others, cell cycle progression in response to growth stimuli, relief from checkpoint controls with availability of nutrients and repair of DNA damage ([@B15]; [@B34]; [@B36]), resumption of anabolic reactions and inhibition of catabolic reactions with restoration of ATP levels after buildup of AMP and cAMP, and depression of the immune system after an infection has subsided.

The ability of signaling proteins to autoinactivate is not uncommon. For example, G proteins feature an intrinsic GTPase activity that curtails their actions on effector proteins. Many GTPase-activating proteins act to stimulate the rates of GTP hydrolysis by G proteins. We speculate that some regulatory proteins might act directly on protein kinases to accelerate or depress their rates of autoinactivation by stimulation of phosphorylation of the inhibitory phosphosites upstream of the kinase subdomain VIII APE sequence. Such kinase-inactivating proteins might specifically recognize the phosphorylated region just before the APE region, which in the phosphorylated state would be very conserved among most protein-serine/threonine kinases. These regions also may act as docking sites for members of the large family of dual-specificity protein phosphatases to facilitate their dephosphorylation of the activating phosphorylation sites that are located further downstream in the activation T-loop.

A tyrosine residue at aligned position 158 does not occur in any of the 90 human protein-tyrosine kinases. Previous studies showed that this region near the C-terminus of activation loop is one of the major determinants in conferring the specificity of protein-tyrosine kinases versus protein-serine/threonine kinases ([@B76]; [@B29]). Protein-tyrosine kinases would be more likely than protein-serine/threonine kinases to undergo rapid autophosphorylation and inactivation with a tyrosine residue just before the APE region. Of interest, one-third of the human protein-tyrosine kinases feature a tyrosine residue that is located just four amino acid residues C-terminal to the subdomain VIII APE sequence (aligned position 166), and phosphorylation of this site has been confirmed for two-thirds of these tyrosine residues by mass spectrometry. It is tempting to speculate that this highly conserved tyrosine phosphosite serves as an inactivating autophosphorylation site for protein-tyrosine kinases. Although little is known from experimental studies about the physiological role of this tyrosine phosphorylation site, this residue at T701 in TrkA is known to be inhibitory for at least this kinase ([@B12]).

MATERIALS AND METHODS
=====================

Plasmids and commercial antibodies
----------------------------------

The plasmids pGEX-2T-GST-ERK1, pGEX-2T-GST-ERK1-K71A, and pGEX-2T-GST-MEK1-ΔN3EE were constructed by David L. Charest from our lab ([@B10]). The plasmid containing full-length wild-type ERK1 (pGEX-2T-GST-ERK1) was used for mutagenesis (Q5 Site-Directed Mutagenesis Kit; New England BioLabs, Whitby, ON, Canada). ERK1 and its mutants were also subcloned into pcDNA3 vectors with Flag tag for mammalian cell expression. All DNA oligos were synthesized by Integrated DNA Technologies (Coralville, IA). We used the following commercial antibodies for Western blotting or immunoprecipitation (IP): ERK1/2-CT for the C-terminus of ERK1 and ERK2 (NK055-6; Kinexus), dual phospho-ERK1/2 pTEpY (KAP-MA021, discontinued; Stressgen, Victoria, BC, Canada), Flag tag antibody (2368; Cell Signaling Technology, Danvers, MA), and phospho-MBP (05-429; Upstate/EMD Millipore, Billerica, MA).

ERK1 phospho-T207 and phospho-Y210 antibodies
---------------------------------------------

A phosphopeptide corresponding to human ERK1 204-209 (pYVApTRW) was synthesized to raise phosphosite-specific antibodies in rabbits against the ERK1 T207 (ERK2 T188) site, and this was subsequently used to affinity purify the antibodies from the rabbit sera. Non--phosphosite-specific antibodies were depleted by an agarose column coupled with pYVATRW peptide and an agarose column coupled with phosphotyrosine just before affinity purification with immunogenic peptide column. In Western blotting experiments using the ERK1 p207 antibody (PK866; Kinexus), the antibody solution was supplemented with 15 μg/ml pYVATRW peptide to further eliminate the binding to unphosphorylated ERK1. Dot blot studies demonstrated that this antibody preparation immunoreacted similarly with phosphopeptides with the sequences pYVApTRW and YVApTRW. The ERK1 pY210 site was detected with the PYKSD8 antibody (PG005; Kinexus), which was raised in rabbits against the WpYRAPE peptide. The PYKSD8 antibody was subsequently affinity purified from serum with an agarose column to which this peptide was covalently coupled after the serum was initially passaged through a phosphotyrosine-agarose column to deplete generic phosphotyrosine antibodies.

Cell cultures, transfections, and treatments
--------------------------------------------

Human epidermoid carcinoma A431 and human embryonic kidney/HEK293 cells were cultured in DMEM (Life Technologies/Thermo Fisher Scientific, Waltham, MA) and MEM (Life Technologies), respectively, supplemented with 10% FBS (Applied Biological Materials, Richmond, BC, Canada). HEK293 cells were used as transfection hosts of Flag-ERK1 and its mutants. Culture dishes were coated with 2% poly-[l]{.smallcaps}-lysine solution (Sigma-Aldrich, Oakville, ON, Canada) for 20 min before each use. At 50--60% confluency, cells were transfected with pcDNA3.0-ERK1 plasmids using Lipofectamine 2000 transfection reagent (Life Technologies). The transfection medium was replaced 6 h after transfection. Cells were cultured for another 48 h before selection with 500 μg/ml G418 for positively transfected clones. Clones stably expressing Flag-ERK1 were tested and expanded for further experiments.

For growth factor treatments, the cells (80% confluency) were maintained in serum-free medium for 16--18 h and then treated separately with one of the following agents: 10 ng/ml human epidermal growth factor (EGF) for 5 min; 100 nM phorbol 12-myristate 13-acetate (PMA) for 10 min; 100 nM tumor necrosis factor-alpha (TNFα) for 10 min; and 10% FBS for 10 min. For the following treatments, cells were previously maintained in 10% FBS: 25 μM arsenite for 2 h, 25 μM PAO for 30 min, 50 μM Na~3~VO~4~ for 30 min, 30 mM NaF for 30 min, 10 μM MG132 (Calbiochem/EMD Millipore, Billerica, MA) for 4 h, and 100 ng/ml nocodazole for 16 h. After treatments, cells were usually washed with ice-cold phosphate-buffered saline before scraping into lysis buffer (20 mM 3-(*N*-morpholino)propanesulfonic acid \[MOPS\], pH 7.2, 5 mM EDTA, 2 mM ethylene glycol tetraacetic acid \[EGTA\], 0.5% \[vol/vol\] Triton X-100, 30 mM NaF, 20 mM Na~4~P~2~O~7~, 1 mM Na~3~VO~4~, 40 mM β-glycerophosphate, 1 mM dithiothreitol \[DTT\], 1 mM phenylmethylsulfonyl fluoride, 3 mM benzamidine, 5 μM pepstatin A, and 10 μM leupeptin). Cells were briefly sonicated and then subjected to ultracentrifugation at 100,000 × *g* for 30 min to prepare lysates for Western blotting.

In vitro kinase assay with myelin basic protein
-----------------------------------------------

Purified GST-ERK1 was first incubated with constitutively active mutant of MEK1 (MEK1-ΔN3EE) in 5 mM MOPS, pH 7.2, 2.5 mM β-glycerolphosphate, 0.4 mM EDTA, 1 mM EGTA, 5 mM MgCl~2~, 0.5 mM DTT, and 100 μM ATP at 30°C for 15 min. Purified MBP was added to the mixture and incubated for another 2--5 min before the reaction was terminated. Flag-ERK1 and its mutants were immunoprecipitated from cell lysates with Flag-tag antibody before incubation with MBP and ATP in the same buffer.

Kinase substrate antibody microarray
------------------------------------

Kinex kinase substrate microarrays (Kinexus) were printed with 445 kinase substrate peptides as spots in triplicate. Purified ERK1 and its T207A and T207E mutants were preincubated with MEK1-ΔN3EE as described. At the end of the incubation, activated ERK1 was diluted in the same kinase assay buffer with MEK1 inhibitor UO126 to 200 μl. The mixture was then loaded onto a Kinex kinase substrate microarray slide and incubated at 30°C for 2 h. We used Pro-Q Diamond Phosphoprotein Stain (Molecular Probes/Thermo Fisher Scientific, Waltham, MA) to detect phosphorylation on the microarray. Microarray analysis software from ImaGene was used to analyze microarray images. Net signal median was calculated to represent the signal strength of each spot. Standard deviation of triplicates was used to eliminate inconsistent signals. Short lists were generated using a certain threshold percentage when compared with the strongest signal.

Databases and online resources
------------------------------

Information on protein phosphorylation sites was based on data collected from the UniProt ([www.uniprot.org/](http://www.uniprot.org/)), PhosphoSitePlus ([www.phosphosite.org/](http://www.phosphosite.org/)), and PhosphoNET ([www.phosphonet.ca/](http://www.phosphonet.ca/)) databases. Protein structures were from the RCSB protein data bank (PDB; [www.rcsb.org/pdb/](http://www.rcsb.org/pdb/)) and visualized using PDB Protein Workshop. All numbering of amino acids in proteins is based on the unprocessed human forms as reported in UniProt.
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:   dithiothreitol

EPK

:   eukaryotic protein kinase

ERK

:   extracellular signal--regulated kinase

MAPK

:   mitogen-activated protein kinase

MBP

:   myelin basic protein

MEK

:   MAPK/ERK kinase

MS
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